It is well documented that hard bearing combinations show a running-in phenomenon in vitro and there is also some evidence of this from retrieval studies. In order to investigate this phenomenon, five Birmingham hip resurfacing devices were tested in a hip wear simulator. One of these (joint 1) was also tested in a friction simulator before, during, and after the wear test and surface analysis was conducted throughout portions of the testing. The wear showed the classical running in with the wear rate falling from 1.84 mm3 per 106 cycles for the first 106 cycles of testing to 0.24 mm3 per 106 cycles over the final 2×106 cycles of testing. The friction tests suggested boundary lubrication initially, but at 1×106 cycles a mixed lubrication regime was evident. By 2×106 cycles the classical Stribeck curve had formed, indicating a considerable contribution from the fluid film at higher viscosities. This continued to be evident at both 3×106 and 5×106 cycles. The surface study complements these findings.
INTRODUCTION
large-diameter metal-on-metal joints were not initially fully fluid film lubricated and friction tests on other types of metal-on-metal joint have revealed Early, small-diameter (less than 32 mm) metal-onmetal hip joints were prone to premature failure [1], lower friction factors post-wear than initially [8] , pointing towards more favourable lubrication after although some examples are known to have been in place successfully for up to 20 years [2, 3]. This wear testing. It has also been noted that the average linear wear rate (microns per year) for retrieved suggests there is a favourable tribological condition in some cases, although not in the majority of cases metal-on-metal joints is lower for joints with a longer survivorship, indicating that this wearing-in phase is for the early designs of metal-on-metal joints. New-generation larger-diameter metal-on-metal hip also likely to occur in vivo [12] . All this suggests that the articulating surfaces run in during early stages of joints have been more successful in the midterm [4, 5] although longer-term clinical results are not yet the wear test, and that this improves the lubrication conditions and hence lowers the wear even further available.
Hard bearing joints often show a wearing-in period as the tests progress. during simulator wear tests [6] [7] [8] [9] [10] , where the initial wear rates are higher than the steady state wear rates. However, the final steady state wear can be more 2 MATERIALS AND METHODS difficult to discern in ceramic-on-ceramic joints, even over 14×106 cycles [9] owing to the very low Six Birmingham hip resurfacing (BHR) prostheses were supplied by Midland Medical Technologies, values of wear. van Kampen et al. [11] showed that now Smith & Nephew (Bromsgrove). These were all then calculated. In each case the joint pair was cleaned between runs using Gigasept and acetone, coordinate-measuring machine using a 12-point according to our standard procedure [17] . least-squares fit for the heads and a nine-point fit for the cups. The mean diameter of each component 2.2 Wear study was calculated from three measurements and was used to determine the clearances.
The components were tested in the Durham hip All friction and wear tests were carried out with function wear simulator I, described elsewhere in bovine serum lubricant (batch 97623; TCS Biodetail [18] . Joints were anatomically positioned, with sciences, total protein content, 74.4 g/l) filtered the cups angled at 33°to simulate the condition in through a 0.2 mm filter and diluted to 25 per cent,
vivo. Approximately each 0.5×106 cycles the joints resulting in a protein concentration of 18.6 g/l. To were removed, cleaned, and weighed with a protocol this was added 0.2 per cent sodium azide and 20 mM closely following ISO 14242-2 [19]. The loading proethylenediaminetetraacetic acid to help to resist file of the wear simulator followed Paul [20] with biodegradation of the lubricant and calcium deposit maximum and minimum loads of 2975 N and 100 N formation respectively. For the friction study, sodium respectively. carboxymethyl cellulose (CMC) was added to the bovine serum lubricant in varying amounts as a 2.3 Surface study viscosity enhancer [13] , to achieve a range of five
The surface roughnesses of the contact region of viscosities for testing from 0.001 to 0.1 Pa s. The each component were measured using the Zygo lubricant viscosities were measured at the same NewView100 non-contacting interference profilomshear rate (3000 s−1) as the lubricants in the study eter each 0.5×106 cycles up to 3×106 cycles and then by Cooke et al. [13] . Because of the shear-thinning again at 5×106 cycles. Ten measurements were taken nature of all these fluids (CMC and bovine serum, as on the contact area of each component and various well as synovial fluid) the viscosity will be lower surface parameters were recorded and investigated. during the actual testing. Previous friction tests in Significance was tested by the t test. this laboratory with human synovial fluid as a lubricant yielded similar results to those using bovine serum (lowest viscosity tested here) [14] , although 3 RESULTS the viscosity of diseased synovial fluid is between the second and third viscosities tested in the present 3.1 Friction study series of experiments. In this study, viscosityenhanced serum has been used to generate the entire Figure 1 shows the Stribeck curves for joint 1 Stribeck plot for a better understanding of the lubrithroughout the wear test. Before wear testing, the cation mechanism. joint had a friction factor which was around 0.08, which is much lower than the values of 0.15-0.2 seen 2.1 Friction study for small-diameter metal-on-metal joints [14, 21] . After 1×106 cycles, the familiar mixed-lubrication A single joint (joint 1) was friction tested before the wear test, and after each 106 cycles of the wear test, Stribeck curve began to form with the friction factor falling to 0.03 at the highest viscosity. The synovial in hip function friction simulator II. This simulator is similar to that described in previous work [14] [15] [16] .
fluid from a patient with rheumatoid arthritis is around 0.005 Pa s [13] measured at a shear rate of The joint was placed in the friction simulator in an inverted position with respect to the orientation in 3000 s−1, which corresponds to a Sommerfeld number of 1.7×10−9 which lies slightly to the left of vivo. The cup holder was angled at 33°to simulate the relative positioning in vivo, to ensure that the the third point on each curve in Fig. 1 . At this viscosity, the friction factor within the joint was found friction was being measured on the contact area from The effect of 'running-in' on the tribology of a BHR device as part of the checking process, sound emissions were analysed from all five stations and the sound cycles. At 2×106 cycles this fell again to around 0.015 and some fluid-film lubrication behaviour was seen. emission from station two was different to the others. At 1.5×106 cycles this joint and joint 3 were swapped This seemed to be stable at 3×106 and 5×106 cycles.
within the simulator and hence tested in a different 3.2 Wear study station for 0.5×106 cycles. Both of these joints continued to follow their previous wear trend over this The volume loss on each prosthesis is summarized in Fig. 2 and the wear rates are given in Fig. 3 . During period and, since no clear evidence was found of station variability, the joints were returned to their the testing, it became apparent that joint 2 was showing much higher wear than the other joints. The rig original stations within the simulator for the remainder of the test. was checked and no problems were found. However, For each joint, the wear rates became progressively bides as an array of protruding features. These were present on all heads and cups and a typical image, lower as the test progressed as seen in Fig. 3 . Since as seen in Fig. 4(a) . However, as the test progressed, the wear results for joint 2 were so very different from this feature diminished, as seen from Fig. 4(b) . those for the other four joints, and it was apparent In Figs 5 and 6 the Z scale was maintained at the that joint 2 had not 'run in' by 2×106 cycles whereas same level for ease of comparison. The topography all the others had, the analysis was performed on of head 1 became progressively smoother throughout only joints 1, 3, 4, and 5. Further investigation of joint the course of testing (Fig. 5 ). Head 2 also showed 2 showed that by 5×106 cycles the surfaces had a decrease in the carbide features, but surface become smooth but, as seen in Table 2, after 5×106 scratches were more in evidence at 3×106 cycles cycles joint 2 was the only joint to be significantly than for head 1 [ Figure 6 (c)]. The surface smoothed rougher than at the start of the test. Clearly someout further by 5×106 cycles [ Figure 6(d) ]. Joint 2 was thing was different about this joint and so in the the joint with the higher wear rates. Cup topography absence of a full explanation it was felt justified to followed a similar trend although to a slightly lesser analyse only the other four joints, which were conextent. The initial and final surface data for each sistent. component are given in Tables 2 and 3 , and statistically significant changes are shown in bold.
Surface study
A white deposit was seen on some components Typical surface images for the components are given and this was investigated using scanning electron in Figs 4 to 6. All images represent an area size of microscopy (SEM). Elemental analysis revealed the 363 mm×272 mm and the Z scale is indicated on presence of carbon in the deposit, indicating that it each image.
was organic in nature and most likely was a protein layer. Initially the surfaces showed the presence of car- rather lower than reported wear rates from clinical retrieval studies on conventional metal-on-metal total hip replacements, as shown in Table 5 . It has the wear test are given in Fig. 1 . Before wear testing, viscosities the joint was operating with a substantial amount of fluid-film lubrication although the pres-The total average wear rate was 0.67 mm3 per 106 ence of a small amount of wear would indicate a cycles. However, the joints showed a higher average small amount of surface to surface contact in conwear rate initially [(0-1)×106 cycles] of 1.84 mm3 per junction with this mostly fluid-film lubrication. 106 cycles, which then reduced to 0.64 mm3 per 106 cycles for (1-3)×106 cycles and reduced further to 4.3 Surface topography 0.24 over (3-5)×106 cycles. A higher initial wear rate is common, particularly with metal-on-metal articu-Initially the surfaces of all cups and heads clearly showed the presence of carbides protruding from the lations [8, 22, 23] . It is also not uncommon to see large variations in the wear rates between different surface. By 1×106 cycles these were diminished, a becoming more negatively skewed after the test.
McKee-Farrar 2.24 1.4 3.64 8-23 [30] Friction factors were very low for metal-on-metal combinations, and the lubrication shifted substantially towards fluid film as the wear test progressed. Surface changes were consistent with the changes fact supported by the significant reduction in the skewness values of the surfaces. The surfaces became seen in friction results and with the reduction in the wear factor as the test progressed. This is the first more negatively skewed, which is indicative of diminishing peaks or increasing valleys. The peak-to-time that the running-in process has been correlated with improved lubrication conditions as demon-valley ratio showed a significant increase on many components. The r.m.s. roughness remained un-strated by measured Stribeck analysis. changed for some of the components, as seen in Table 2 , although some components did show sig-6 ACKNOWLEDGEMENTS nificant changes. However, it should be noted that the roughnesses showed a larger standard deviation
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